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ABSTRACT  We investigate electrical conduction and breakdown behavior of 3D nano-carbon – 
stacked multilayer graphene (s-MLG) system with complete interlayer decoupling. The s-MLG is 
prepared by transferring and stacking large-area CVD-grown graphene monolayers, followed by wire 
patterning and plasma etching. Raman spectroscopy was used to confirm the layer number. The D-band 
peak indicates low defect level in the samples. Electrical current stressing induced doping is performed 
to shift the charge-neutrality Dirac point and decrease the graphene/metal contact resistance, improving 
the overall electrical conduction. Breakdown experiments show the current-carrying capacity of s-MLG 
is largely enhanced as compared with that of monolayer graphene. 
KEYWORDS  Stacked multilayer graphene, doping, Raman spectroscopy, electrical conduction, 
breakdown. 
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Graphene, a 2D allotrope of carbon,1 is a superb conductor that is potentially useful in a broad 
spectrum of applications including nano-electrodes for emerging energy conversion devices 2 and on-chip 
interconnects for information-processing systems. 3 Exceptional properties of graphene have been 
reported, including ultra-high carrier mobility (up to 200,000 cm2/V-s at room temperature) and thermal 
conductivity (4800 W/m-K, ~10 times of Cu).4,5 The excellent electrical, thermal, and mechanical 
properties, as well as the immunity to electromigration makes graphene an ideal material candidate for 
high-performance interconnects.6-8 Monolayer graphene nanoribbon (GNR) is expected to outperform 
Cu at ultra-scaled width dimensions.9 Although the maximum current-carrying density up to 108 A/cm2 
(~100 times of Cu) was reported, current density of monolayer graphene is limited by its 2D atomically-
thin geometry, sensitivity to ambient, poor noise tolerance, and conductance degradation due to edge-
related effects.10,11 3D nano-carbon, or vertically stacked multilayer graphene (s-MLG), can potentially 
be employed to address this challenge, yielding an ultra-conductive material system. Graphene multilayer 
has received significant amount of theoretical and experimental attentions in recent years12. However, in 
the case of Bernal stacking (in which graphene layers have an ABAB-ordered lattice arrangement), the 
composing graphene monolayers are electronically coupled and form graphite which lacks the appealing 
electronic properties of individual 2D graphene sheets. It is therefore ideal to have electronically 
decoupled layers in 3D stacked multilayer system. In this letter, we investigate electrical conduction and 
breakdown characteristics of doped 3D stacked multilayer graphene (layer number (n) up to 5) with 
complete interlayer decoupling.  
Figure 1 shows the fabrication process flow for the s-MLG system. First, graphene monolayer was 
grown on 25 μm thick Cu foil in a quartz-tube furnace system using low-pressure CVD (chemical vapor 
deposition) method involving methane (as precursor) and hydrogen gases by taking advantage of the low 
solubility of carbon in Cu.13 After the growth, one side of graphene sheet was covered with polymethyl 
methacrylate (PMMA), Cu was then etched away by an aqueous solution of iron nitrate (0.05 g/mL) 
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over a time period of 12 hours. The PMMA/graphene stack was washed with de-ionized water and 
placed on the target substrate (SiO2-coated Si wafer) and dried.
14 By repeating the same CVD growth 
and layer-transfer process, multilayer graphene was stacked in an uncorrelated (or decoupled) way on 
the new target substrate. The sample quality was evaluated by optical microscopy and micro-Raman 
spectroscopy. Electron beam lithography (Vistec VB300 system) was used to pattern graphene wire as 
well as to define metal contacts.15 Oxygen plasma etching was used to pattern the s-MLG wires with 
different sizes (down to sub-100nm width). A metal liftoff process was used to form the probing 
contacts made of Ti/Au stack. Agilent B1500A semiconductor parameter analyzer was used for 
electrical characterization. Testing was performed with standard lock-in methods. All measurements in 
this work were performed at room temperature.  
Raman spectral analysis is particularly useful in determining the number of graphene layers, strain 
level, and defect concentration.16 Figure 2a shows the Raman spectra of different s-MLG samples with 
the graphene layer number n varying from 1 to 5, as compared with the reference: KISH graphite. The 
intensity of D-band peak at about 1350 cm-1 is used as a signature of defects which allows one to 
determine the quality of a sample.17 The insignificant D-band peak in all our tested samples suggests that 
defects are minimal in the prepared graphene multilayers (even for n = 5). The primary observed defects 
are wrinkles which were generated during the CVD growth as a result of the difference in thermal 
expansion coefficients between graphene and copper. The measured Raman spectra show sharp, 
symmetrical G-band and 2D-band peaks for the transferred graphene monolayer, indicating high quality 
of samples. The Raman spectra of the stacking multilayer graphene show considerable difference as 
compared with those micromechanically cleaved (or exfoliated) graphene sheets obtained from highly 
oriented pyrolytic graphite (HOPG) crystals. The 2D peak does not exhibit obvious shoulder feature as 
in ABAB-order graphene multilayer. It is much broader and almost resembles a single-peak as noticed in 
a single layer of graphene, possibly due to the reduced interlayer coupling between the transferred 
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graphene monolayers. Upon analyzing the features of both the G-band and 2D-band peaks, we could find 
two key signatures for indentifying the physical thickness (or layer number) of the s-MLG samples: the 
G–to–2D intensity ratio and the 2D peak location. Both are increased with increasing layer number, as 
shown in Figure 2b and 2c. Similar results were reported on exfoliated multilayer graphene.18 
Doping is necessary to enhance electrical conduction in 3D s-MLG system. The shift in Fermi energy 
that naturally occurs because of the charge trapped at the graphene-substrate interface is limited to the 
first few graphene monolayers at the bottom of multilayer stack due to the screening effect.19 Unlike 
copper or other metals, doping can be induced in graphene system to further decrease the electrical 
resistance.20 A variety of doping strategies have been previously employed in exfoliated graphene.21 
Among different approaches, electrical-stress-induced doping has been demonstrated to be clean and 
time-efficient, without the involvement of additional gate or absorbents.22 As shown in Figure 3a, if the 
electrical stressing voltage (applied on one end of the wire, while keeping the other end grounded) is 
raised up to 40V, the Dirac point of s-MLG (measured from the resistance-voltage or R-V curve with 
backgate sweeping) shifts towards right, which implies holes injection into the graphene. Although the 
doping mechanism of high-level electrical stressing was not fully understood yet, electrostatic modifying 
of the substrate surface (involving the filling/releasing of deep-level charge traps) has been considered as 
the possible reason.23 Due to the shift of Dirac point, electrical resistance of s-MLG wire is greatly 
decreased at zero-bias back-gate voltage (~3 times lower). 
To better interpret the mechanism of total resistance decrease in the s-MLG system, the transfer 
length method (TLM) is employed to probe the resistance between graphene and metal contact 
(Ti/Au).24 As in Figure 3b, it is observed that both graphene/metal contact resistance and graphene wire 
resistance keep decreasing with increasing level of stressing voltage. It is believed that the conduction 
improvement in graphene wire is due to doping effect and absorbent removal from graphene surface as a 
result of Joule heating, while the improvement in contact resistance is likely attributed to thermal 
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annealing effect. Therefore, electrical annealing could be an efficient way to improve the overall 
electrical conduction of the s-MLG system.  
      The maximum current-carrying density is crucial for a conductor system10. The maximum current 
density in Cu is reported to be approximately 106 A/cm2, a severe restriction for nanometer-sized wiring 
systems.25 Current-stressing is applied on the s-MLG samples by gradually increasing the voltage bias 
until permanent breakdown occurs. As seen in Figure 4a, when the s-MLG sample (n = 5) is tested under 
the electrical stressing, a physical break is clearly seen in the middle of the graphene wire. Figure 4b 
shows the I-V characteristics during the stressing test. As current density is increased to the threshold 
level (at which breakdown occurs), an abrupt drop in current is observed. Given the s-MLG width of 2 
µm and the flake thickness of 1.6 nm (assuming 0.35 nm for monolayer graphene), the threshold current 
density at hard breakdown is calculated to be over 1.1×109 A/cm2, which is more than 5 times that of a 
graphene monolayer. The improved current-carrying capability is attributed to the addition of more 
graphene sheets as conduction layer. 
In summary, the electrical conduction and breakdown behavior of 3D vertically stacked multilayer 
graphene system is investigated. The s-MLG samples were prepared by physical stacking of transferred 
large-area graphene monolayers (assembled via the CVD-based growth process). Low-level of defects in 
transferred graphene monolayer is confirmed by Raman spectra. Electrical stressing induced doping and 
thermal annealing are found to be effective to considerably improve the electrical conduction of both s-
MLG and s-MLG/metal contact. Experiment on 3D s-MLG system shows largely improved physical 
breakdown threshold and maximum current-carrying density over that of 2D monolayer graphene 
system. 
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Figure 1.  Schematic showing the preparation process of 3D decoupled graphene multilayer via 
repeatedly stacking the transferred graphene monolayers (via CVD-based growth). 
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Figure 2.  Key signatures acquired from Raman spectroscopy for stacking multilayer graphene on 
SiO2/Si substrate. (a) n = 1 to 5 layers of s-MLG (with KISH graphite as the reference). (b) Plot of the 
ratio of the G-to-2D peak intensities vs. number of stacked graphene layer. (c) 2D peak location vs. 
number of stacked graphene layer. 
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Figure 3.  Electrical stressing induced effect on electrical conduction of 3D s-MLG samples: (a) 
Measured total resistance (graphene wire and graphene/metal contact) vs. back-gate sweeping voltage 
with different stressing voltages. (b) Contact resistance and wire resistance vs. different stressing 
voltages. 
 
 11
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.  Breakdown test of both s-MLG (n = 5) and CVD-grown/transferred graphene monolayer: 
 (a) Optical image of the failure spot in the s-MLG. (b) Measured I-V characteristics under electrical 
stressing.  
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